■ Synchronization of oscillations among brain areas is understood to mediate network communication supporting cognition, perception, and language. How task-dependent synchronization during word production develops throughout childhood and adolescence, as well as how such network coherence is related to the development of language abilities, remains poorly understood. To address this, we recorded magnetoencephalography while 73 participants aged 4-18 years performed a verb generation task. Atlas-guided source reconstruction was performed, and phase synchronization among regions was calculated. Task-dependent increases in synchronization were observed in the theta, alpha, and beta frequency ranges, and network synchronization differences were observed between age groups. Task-dependent synchronization was strongest in the theta band, as were differences between age groups. Network topologies were calculated for brain regions associated with verb generation and were significantly associated with both age and language abilities. These findings establish the maturational trajectory of network synchronization underlying expressive language abilities throughout childhood and adolescence and provide the first evidence for an association between large-scale neurophysiological network synchronization and individual differences in the development of language abilities. ■
INTRODUCTION
Within the first few years of life, children acquire the ability to comprehend thousands of words. It has been demonstrated that, after 18 months, there is an acceleration in vocabulary learning that is associated with a phase of rapid myelination in temporofrontal language regions of the brain (Pujol et al., 2006) . By the age of 3 years, typically developing children reliably call upon canonical brain regions known to be involved in speech and language perception or receptive language (Redcay, Haist, & Courchesne, 2008) . Despite these early gains, receptive language ability follows a protracted developmental trajectory (Berl et al., 2010) and evidence indicates that story comprehension is not fully mature until young adulthood (Szaflarski et al., 2012) . In adults, however, the brain regions involved in receptive language are well understood (for reviews, see Price, 2010 Price, , 2012 . As well, the structural and functional connectivities within the language comprehension network have also been extensively investigated (for reviews, see Dick & Tremblay, 2012; Friederici, 2011; Turken & Dronkers, 2011) .
Expressive language processing is more complicated. Whereas the brain regions involved in speech and language production have been identified (Price, 2010 (Price, , 2012 Scott, 2012) , the networks involved are complex and encompass many levels of cortical control (Guenther, Ghosh, & Tourville, 2006) . For example, successful word production includes cognitive processes such as lexical access and word retrieval as well as the control of motor systems and sensory feedback loops. Classic fMRI studies of expressive language have identified a brain system situated primarily in left frontal lobe structures that is evidenced in adults (Pujol, Deus, Losilla, & Capdevila, 1999; van der Kallen, Morris, Yetkin, et al., 1998 ; for reviews, see Price, 2010 Price, , 2012 and children (Friederici, 2006; Gaillard et al., 2000; Hertz-Pannier et al., 1997) . Studies of expressive language development accordingly have often focused on maturational shifts occurring within local brain structures Holland et al., 2007; Szaflarski et al., 2006) . More recent models of language function in the brain, however, have emphasized the importance of integration within distributed networks of brain regions (i.e., Golfinopoulos, Tourville, & Guenther, 2010; Hickok & Poeppel, 2004; Indefrey & Levelt, 2004) . This has paralleled a more general trend toward understanding the function of brain regions with respect to interactions among coactive areas, rather than proscribing specific localizable functions to spatially restricted areas of the brain (McIntosh, 2000) . The only investigation into expressive language networks in children, however, has focused on network lateralization (Vannest, Karunanayaka, Schmithorst, Szaflarski, & Holland, 2009) and not on network coherence. Knowledge remains scant regarding the development of neurophysiological synchronization within the expressive language network.
The synchronization of neural oscillations among brain regions has been associated with task-dependent network communication supporting cognition and perception across diverse contexts (Uhlhaas, Pipa, et al., 2009; Varela, Lachaux, Rodriguez, & Martinerie, 2001 ) as synchronized neuronal assemblies can more effectively coordinate information transfer (Fries, 2005) . Modulation of neural oscillations and their coordination across brain areas have been linked to expressive language, receptive language, and the interactions between language networks and brain regions mediating other cognitive and perceptual abilities (i.e., Bedo, Ribary, & Ward, 2014; Bögels, Barr, Garrod, & Kessler, 2015; Hermes et al., 2014; Mellem, Friedman, & Medvedev, 2013; Piai, Roelofs, & Maris, 2014; Doesburg, Vinette, Cheung, & Pang, 2012; Ewald, Aristei, Nolte, & Rahman, 2012; Weiss & Mueller, 2012; Doesburg, Emberson, Rahi, Cameron, & Ward, 2008; Bastiaansen, van der Linden, ter Keurs, Dijkstra, & Hagoort, 2005) , and local neural oscillations have been related to the encoding of speech sounds as well as the development of language abilities during infancy and early childhood (Gou, Choudhury, & Benasich, 2011; Benasich, Gou, Choudhury, & Harris, 2008) . Whether interregional coherence changes throughout childhood and adolescence, as well as if such changes are related to the development of language abilities, remains unknown.
In this study, we recorded magnetoencephalographic (MEG) data during the performance of an overt verb generation task in a large series of 73 participants aged 4-18 years. Psychometric data reflecting language abilities and overall intellectual function were also collected. We tested the hypotheses that expressive language performance was supported by increased phase coherence within distributed neural networks encompassing brain regions associated with expressive language function, that network topologies of expressive language regions would develop with age, and that these network topologies would be associated with language abilities.
METHODS Participants
Seventy-three (42 girls, 31 boys) participants were recruited as part of an ongoing study examining the development of the neural control of word production. Participants ranged in age from 4 to 18 years and included 24 young children (4-9 years old), 20 older children (10-13 years old), and 29 adolescents (14-18 years old). These groupings were based on established knowledge regarding the timing of cognitive developmental changes and stages. At the lower cutoff of age of 4 years, typically developing children speak clearly and fluently and have a good grasp of language (Brown, 1973) . At the age of 10 years, there is a transition that is marked by physical, cognitive, and social changes, and at the age of 14 years, there is a transition into middle adolescence (Hartzell, 1984) . In neuroimaging studies, large population studies have set the precedent for similar groupings (e.g., O'Muircheartaigh et al., 2013 , for the young children group; Vannest et al., 2009 , for the two older groups). Participants were selected to be right handed, as confirmed by the Edinburgh Handedness Inventory (mean = 75.2, SD = 16.2; Oldfield, 1971) . All participants spoke English as their dominant language and were in the age-appropriate grade at school. All participants had normal or corrected-to-normal vision and were excluded if they had a prior history of neurological, audiological, speech-language, or psychiatric abnormalities or had contraindications for MEG or MRI neuroimaging. This study was approved by The Hospital for Sick Children Research ethics board, and all participants or their parents gave informed written consent.
Overt Verb Generation Paradigm
During MEG recordings, participants performed an overt verb generation task in English. This paradigm has been described previously and has been successfully employed for mapping language-related brain activity in children and adolescents (see Kadis et al., 2011) and validated against fMRI (Pang, Wang, Malone, Kadis, & Donner, 2011) . In this protocol, participants were visually presented with images of common objects and were required to overtly generate verbs associated with those objects. Participant's responses were monitored to ensure engagement in the task. Stimuli were presented for 4.6 ± 0.2 sec followed immediately by the next image. Stimulus objects were developed in consultation with standardized language batteries and normative studies (e.g., Bird, Franklin, & Howard, 2001; Cycowicz, Friedman, Rothstein, & Snodgrass, 1997; Snodgrass & Vanderwart, 1980) so that all objects would be familiar to 4-year-old children. The paradigm included 81 stimulus trials, and paradigm has previously been demonstrated to reliably elicit neuromagnetic activity related to expressive language processing in participants across the age range investigated in this study . As this paradigm was designed to robustly elicit language-related activation across a wide range of age and function, task performance is not a good measure of language abilities because of ceiling effects. For this reason, behavior was monitored to ensure that participants remained on task, but psychometric data were used instead of task performance to index individual differences in ability.
Neuroimaging Data Acquisition
MEG data were recorded during the verb generation task using a 151-channel whole-head CTF MEG system (Port Coquitlam, Canada). Data were digitized at 4000 Hz and stored offline for analysis. Head position was recorded continuously at 30 Hz to ensure that all analyzed participants were within tolerable movement ranges (<5 mm, consistent with established standards for movement control in the field). In the event that a child moved >5 mm, their data were discarded and rerecorded. Children were given instructions, practice trials, and feedback to stay still. As well, their heads were well padded with foam inside the dewar. All data used in these analyses have motion <5 mm. To ensure that the age-related neural differences seen in this study were because of language production processes and not an artifact induced by greater jaw and head movement in the younger age groups during MEG recording, we performed a preliminary analysis on head motion data in a subset of our cohort. We measured head movement, specifically head displacement, in the z axis (superiorinferior), which could be related to the up-down motion of the jaw, on a trial-by-trial basis (115 trials), as children spoke the syllable /pa/. We tested a group of fifteen 6-to 7-year-olds and fifteen 18-to 20-year-olds and found that movement (mean ± SD) for the younger group was 2 ± 0.5 mm, and in the older group, it was 0.3 ± 0.05 mm. In both cases, these values are well below the accepted threshold of 5 mm and demonstrate that effects seen in this study are likely because of real neural changes and not an artifact of word production. To facilitate coregistration of functional brain data with neuroanatomy, as well as to create accurate individualized head models for source reconstruction, volumetric MRI scans were collected from each participant (T1-weighted 3-D magnetization prepared rapid gradient echo) using a 3.0-T MRI system (Siemens, Munich, Germany). Coregistration of MEG and MRI data was facilitated using fiducial markers placed at the nasion as well as the left and right preauricular points.
Psychometric Data Collection
After neuroimaging data collection, psychometric evaluations were carried out for each participant to measure both verbal and nonverbal abilities. Verbal abilities, specifically expressive and receptive language, were measured using the Expressive Vocabulary Test (EVT; Williams, 1997) and the Peabody Picture Vocabulary Test (PPVT; Dunn & Dunn, 1997) . The EVT is a standardized test of vocabulary where the examiner points to objects or pictures of objects that the participant is required to name, and similarly, the PPVT is a self-paced test of receptive vocabulary test where children are shown a set of four pictures and they are required to point to the picture that matches the word name spoken by the examiner. In addition to verbal ability, general intellectual ability was indexed by the Weschler Nonverbal Test ( Wechsler & Naglieri, 2009 ). All of the above psychometric measures were normed for age, such that higher scores denote more advanced abilities for a participant's age.
MEG Source Reconstruction
In this study, we adopted a seed-based approach, wherein broadband time series representing the activity of all 90 cortical and subcortical regions in the automated anatomical labeling atlas (Tzourio-Mazoyer et al., 2002) were included. This source solution provides good coverage and has been successfully used in the study of functional connectivity in distributed networks (Liao et al., 2010; He et al., 2009; Wang et al., 2009; Supekar, Menon, Rubin, Musen, & Greicius, 2008) , including studies using MEG (Doesburg, Moiseev, Herdman, Ribary, & Grunau, 2013; Doesburg, Vidal, & Taylor, 2013; Diaconescu, Alain, & McIntosh, 2011) . Coordinates were unwarped from standard Montreal Neurological Institute space to corresponding locations in each individual's head space using SPM2. Data were downsampled to 667 Hz for analysis, and broadband (1-150 Hz) time series were reconstructed from each source using a scalar beamformer (Cheyne, Bakhtazad, & Gaetz, 2006) , which has been successfully employed in an atlas-guided analysis of task-dependent MEG activity (Diaconescu et al., 2011) and is effective for removal of ocular and nonocular artifacts from reconstructed time series (Cheyne, Bostan, Gaetz, & Pang, 2007) . To facilitate accurate forward projection of signals from source space, a multisphere head model was created for each participant using their individual MRI (Lalancette, Quraan, & Cheyne, 2011) .
Interregional Phase Coherence
Data were filtered into the classic neurophysiological frequency ranges of theta (4-7 Hz), alpha (8-14 Hz), and beta (15-30 Hz). We focused on connectivity in these frequency ranges as interregional theta and alpha band synchronizations are understood to mediate large-scale network interactions, whereas gamma oscillations are increasingly thought to primarily be relevant for local neuronal activity (see Palva & Palva, 2007; von Stein & Sarnthein, 2000 , for reviews) and, moreover, are more susceptible to contamination by artifacts in studies of taskdependent oscillatory dynamics (i.e., Yuval-Greenberg, Tomer, Kerenm, Nelken, & Deouell, 2008) . More recent evidence has indicated that beta oscillations may also be pertinent for integrating local activity, mediated by gamma rhythms, into large-scale networks (Siegel, Donner, & Engel, 2012; Donner & Siegel, 2011) . Time series of instantaneous phase values were derived for each epoch, frequency band, and participant using the Hilbert transform. This produced time series of instantaneous amplitude and instantaneous phase values for each trial, source, and frequency band. Amplitude time series were averaged across trials for analysis of task-dependent modulations of amplitude. Task-dependent connectivity dynamics were then determined for each analyzed frequency band using the phase lag index (PLI), which measures the consistency of interregional phase relationships across trials, for a given pair of regions and frequency band, and removes/ attenuates phase synchrony occurring at zero/near-zero phase lag, thereby providing protection against spurious synchronization occurring from common sources (Stam, Nolte, & Daffertshofer, 2007) . This produced, for each participant and frequency band, a 90 × 90 adjacency matrix at each time point. Animations of the evolution of matrices over time, as well as time series of average network connectivity (averaged over all analyzed source pairs), were used to visualize connectivity dynamics and determine time windows bracketing peaks in taskdependent interregional phase locking for further analysis.
Network Connectivity Analysis
To characterize task-dependent changes in interregional phase locking for each frequency band, adjacency matrices were averaged across time points throughout identified connectivity "peaks" (see above). Baseline adjacency matrices were obtained by averaging across an identical number of data points in the prestimulus interval. Connectivity differences between active and baseline windows were evaluated using the Network Based Statistic (NBS) toolbox (Zalesky, Fortino, & Bullmore, 2010) . This approach first applied a univariate statistical threshold (t statistic) to each element in the connectivity matrix and identifies the size of interconnected components. Group membership was then shuffled, and the largest component size observed in this surrogate data was recorded. This surrogation process was repeated 5000 times to establish a null distribution, and the sizes of "real" observed connectivity components were plotted in the surrogate distribution to evaluate statistical significance. The NBS approach requires the manual (and somewhat arbitrary) assignment of a t statistic for the initial univariate threshold (Zalesky et al., 2010) . Because the identical threshold is applied to both the real and surrogated data, protection against false positives because of multiple comparisons is provided at any threshold (see Zalesky, Cocci, Fortino, Murray, & Bullmore, 2012; Zalesky et al., 2010) . As selection of the threshold value could potentially impact the observed pattern of results, however, we systematically varied the initial threshold parameter and observed the effect on the results of NBS. A more comprehensive description of the NBS statistical approach is provided by Zalesky et al. (2010) .
A similar approach was used to evaluate network connectivity differences between age groups. Here, baseline adjacency matrices were subtracted from active window adjacency matrices for each participant. NBS was then used to evaluate the statistical reliability of network connectivity differences between age groups. As for the analysis of task-dependent connectivity changes, we systematically varied the initial univariate t statistic threshold and observed its impact of the NBS results, for each frequency band. Network connectivity statistics were calculated using the NBS toolbox (Zalesky et al., 2010) , and the results were visualized using BrainNet Viewer (Xia, Wang, & He, 2013) .
Analysis of Network Topology for Identified Expressive Language Regions
Brain regions involved in task-dependent changes in network connectivity, as well as connectivity differences between age groups, were inspected for brain areas known to be associated with expressive language functions (see Golfinopoulos et al., 2010; Hickok & Poeppel, 2004; Indefrey & Levelt, 2004 , for reviews). For regions indentified in this manner, graph theoretical analysis was used to derive network topologies, which characterize their involvement in large-scale task-dependent brain networks (see Bullmore & Sporns, 2009) . Graph properties for these regions were calculated using the Brain Connectivity Toolbox (Rubinov & Sporns, 2010) . To evaluate network topologies for these regions, we chose the graph theoretical measures of strength and clustering, which were computed from the 90 × 90 weighted, undirected PLI adjacency matrices reflecting differences in connectivity between active and baseline periods. Strength reflects how functionally connected a given region is to other regions in the analyzed network, whereas clustering represents the functional embeddedness of a region in a network ( Yu, Huang, Singer, & Nikolic, 2008; Onnela, Saramaki, Kertesz, & Kaski, 2005) . Graph measures representing network engagement of brain areas associated with expressive language were used to test the hypotheses that the topologies of these regions are associated with individual differences in language ability and that the engagement of these regions in language-related network connectivity develops throughout childhood and adolescence.
RESULTS

Interregional Phase Synchronization during Overt Verb Generation
Inspection of interregional connectivity dynamics revealed distinct peaks in theta, alpha, and beta bands indicating task-dependent phase synchronization. This effect was strongest in the theta band ( Figure 1A ). In the theta band, increased synchronization (see Figure 1B for adjacency matrix at a representative time point) was observed within the first 500 msec after stimulus presentations ( Figure 1C) ; in higher frequencies, this was more transient, being observed during the first 250 msec in the alpha band and only during the first 190 msec in the beta band. These time courses of global network synchronization were used to define active and passive windows for each analyzed frequency band, for example, in the theta band, adjacency matrices representing mean connectivity for each connection in the first 500 msec after stimulus onset were compared with adjacency matrices reflecting mean in the 500-msec interval preceding stimulus onset. NBS analysis indicated that increased network synchronization was stable across numerous thresholds for each analyzed frequency band with a predictably declining number of significant edges as the initial univariate threshold was increased ( Figure 1A) . NBS analysis did not reveal significant patterns of reduced network synchronization in the active window, relative to the baseline interval.
Task-dependent network connectivity increases were strongest in the theta band as, at each analyzed threshold, more statistically significant edges were observed. Increases in theta connectivity were also observed at higher thresholds than any other frequency range. Increased task-dependent connectivity in the theta band is shown at a representative threshold (t = 7.5) in Figure 2 . Task-dependent phase locking was not observed in the alpha or beta bands at this threshold. This network encompassed numerous task-relevant brain regions, including areas of visual cortex responsible for stimulus processing and regions implicated in expressive language function. In particular, the left angular gyrus, left precentral gyrus, right inferior orbital gyrus, and right Rolandic operculum were included in this theta-band connectivity component, which reflects task-dependent increases in oscillatory coherence among distributed brain regions. Task-dependent phase locking in alpha and beta bands was more topographically restricted and primarily involved brain areas associated with visual processing, suggesting that network coherence at these frequencies may pertain more to the processing of the stimulus than to language-related task demands. Accordingly, we focused primarily on theta connectivity.
Development of Network Connectivity Associated with Expressive Language Processing
Analysis of group differences in interregional phase locking revealed statistically reliable differences in the theta and alpha frequency ranges (Figure 3 ). Group differences were strongest in the theta band as more significant edges were identified at all analyzed thresholds, and statistically reliable differences were observed at higher thresholds for the theta band than for other analyzed frequency bands. Network connectivity differences were strongest for the comparison of adolescents with young children. Figure 4 depicts group differences in taskdependent theta connectivity at a representative threshold (t = 3.5), at which no significant differences were observed in other analyzed frequency ranges. Unlike the overall pattern of task-dependent theta connectivity, which included many connections involving visual cortex and likely reflected transfer of visual information to higher order task-relevant regions including language areas, differences between age groups expressed a pattern of connectivity differences less anchored in visual cortex. Group differences involved increased connectivity involving numerous frontal and temporal regions, including areas that have been implicated in language processing. Specifically, increased theta connectivity incorporating the left angular gyrus and right insula was observed for the older children, relative to the younger children.
Comparison of the adolescent age group with the early childhood group revealed theta connectivity differences involving a much larger set of language-related areas including the left and right supramarginal gyrus, left and right precentral gyrus, left angular gyrus, left frontal inferior operculum, right insula, right inferior triangularis, and right frontal inferior orbital gyrus. No group differences in task-dependent theta connectivity were observed between the older children and the adolescents, and no increases in theta connectivity were observed for younger age groups, relative to older age groups. These results indicate that the developmental changes in network engagement during overt verb generation primarily pertain to network involvement of frontal regions, including regions implicated in expressive language functions (Golfinopoulos et al., 2010; Hickok & Poeppel, 2004; Indefrey & Levelt, 2004;  Figure 4 ).
Network Topologies of Expressive Language Regions Associated with Development and Verbal Abilities
To investigate the hypothesis that network topologies are associated with individual differences in the development of verbal abilities, we calculated the graph theoretical measures of strength and clustering for regions known to be associated with expressive language function (see Golfinopoulos et al., 2010; Hickok & Poeppel, 2004; Indefrey & Levelt, 2004) identified in the NBS analysis as showing task-dependent connectivity increases in the theta band (see Figure 2) and/or regions that showed differential theta band connectivity in the age group contrast (see Figure 4) . We focused primarily on theta band connectivity in correlations with age and psychometric scores Figure 3 . Differences between age groups in network connectivity dynamics. The number of significant interregional connections, as a function of t statistic NBS threshold, for comparison of (A) young children with older children and (B) young children with adolescents. As was observed for task-dependent connectivity increases, group differences are strongest in the theta frequency range. as this frequency range showed the most pronounced task modulation along with the strongest differences in the comparisons across age groups. Specifically, we investigated associations between age, verbal abilities, and network topologies (strength and clustering) for the left inferior operculum, the left inferior orbital gyrus, the left supramarginal gyrus, and the left angular gyrus.
Age-related changes in task-dependent network topology were observed in the theta band in the left inferior operculum (clustering: R = .31, p = .007), the left inferior orbital gyrus (strength: R = .26, p = .03; clustering, R = .30, p = .009), the left supramarginal gyrus (strength: R = .33, p = .004; clustering: R = .36, p = .002), and the left angular gyrus (strength: R = .32, p = .005; clustering: R = .37, p = .001). Associations between age and theta-band network topologies are depicted in Figure 5 (strength in the left column and clustering in the right column). Significant associations between age and network topologies were also observed for the alpha frequency range, but only for the left angular gyrus (strength: R = .27, p = .002; clustering: R = .28, p = .017). No significant associations were observed between age and task-dependent network topologies in the beta band.
Task-dependent network topologies in areas known to be associated with expressive language were also positively correlated with verbal abilities. Theta band connectivity involving the left inferior orbital gyrus was associated with higher PPVT scores (strength: R = .26, p = .03; clustering: R = .25, p = .04), as were network topologies involving the left supramarginal gyrus (strength: R = .26, p = .03; clustering: R = .26, p = .03; see Figure 6 for scatterplots of the association between theta-band Figure 4 . Age-dependent increases in network connectivity during verb generation. Significant increases in axial and left sagittal orientations at a representative NBS threshold (t = 3.5) for (A) young children compared with older children and (B) young children compared with adolescents. Lines indicate significant task-dependent connectivity increases among regions, and the size of each region denotes task-dependent increases in connectivity strength. No significant differences between older children and adolescents at this threshold. topologies and verbal abilities). Alpha band strength was positively associated with PPVT scores in the left inferior orbital gyrus (R = .32, p = .008), and network topologies were also associated with both EVT (strength: R = .28, p = .02; clustering: R = .29, p = .02) and PPVT (strength: R = .28, p = .02; clustering: R = .31, p = .01) scores in the left supramarginal gyrus. Correlations between beta network topologies and verbal abilities were only bound with EVT scores in the left supramarginal gyrus (strength: R = .26, p = .03; clustering: R = .28, p = .03).
Regional Activation, Development, and Verbal Abilities We investigated associations between task-dependent changes in local amplitude, age, and individual differences in verbal abilities, as local neuromagnetic activity has been shown to be relevant for expressive language processing elicited during verb generation (i.e., Kadis et al., 2011) . To facilitate comparison with the connectivity results and maintain the focus of the study, we concentrated on the theta band and the language regions identified using the NBS method for task-dependent increases in connectivity as well as age group differences in task-dependent theta-band network synchronization. Briefly, analysis of network-wide modulation of theta activity (obtained by averaging theta amplitude at each time point across all 90 analyzed seed regions) indicated an increase in theta amplitude during task performance. To analyze associations between age, ability, and amplitude, we subtracted the mean baseline theta amplitude, for each analyzed source, from the mean active window Figure 5 . Developmental trajectory of dynamic network topologies in language regions. Task-dependent increases in the graph properties connectivity strength and clustering become stronger with age. The left column shows associations between age and connectivity strength; the right column depicts associations between age and clustering. theta amplitude (using the same time and frequency windows employed in the connectivity analysis). Older age was associated with greater theta activation in the right inferior orbital gyrus (R = .32, p = .006), the right Rolandic operculum (R = .24, p = .04), and the right insula (R = .27, p = .02). Associations between taskdependent theta amplitude increases and EVT scores were observed for the right inferior orbital gyrus (R = .27, p = .02) as well as between theta activation and PPVT and the right Rolandic operculum (R = .25, p = .03) and the left anterior cingulate (R = .27, p = .02).
DISCUSSION
Using an atlas-guided MEG connectivity analysis approach, we demonstrate increased interregional synchrony during an expressive language task, namely, picture verb generation. This task-dependent network synchronization was observed in theta, alpha, and beta frequency ranges. Increased connectivity was most pronounced in the theta frequency range. This increased network synchronization strongly involved connectivity between areas of visual cortex and widespread areas of visual cortex, consistent with prior neuromagnetic studies of connectivity involving processing of a visual stimulus and using similar methods (i.e., Bangel et al., 2014; Leung, Ye, Wong, Taylor, & Doesburg, 2014) , and encompassed brain areas including classic regions associated with language functions (i.e., Broca's and Wernicke's areas). Using graph theoretical analysis to analyze network topologies, we provide the first evidence for a maturational trajectory, throughout childhood and adolescence, for the recruitment of expressive language regions into large-scale ensembles of coherently oscillating neurons. Moreover, we establish for the first time that task-dependent network connectivity involving brain areas implicated in expressive language function is associated with verbal language abilities.
Phase synchronization of neural oscillations is understood to be a general mechanism for dynamically coordinating communication among distributed neural populations (Fries, 2005; Varela et al., 2001) . Task-dependent increases in interregional synchronization have been associated with numerous cognitive processes (see Palva & Palva, 2012; Uhlhaas, Pipa, et al., 2009 , for reviews) including both expressive and receptive language (Doesburg et al., 2008 (Doesburg et al., , 2012 and letter processing (Herdman, 2011) . Presently, we establish the normative developmental trajectory of interregional network synchronization throughout childhood and adolescence. Consistent with the results of this study, low-frequency oscillations such as those in the theta band are thought to be particularly relevant for long-range interactions (von Stein & Sarnthein, 2000) . Recent research has indicated that coupling between theta and gamma oscillations is also relevant for encoding of speech (Giraud & Poeppel, 2012) , which is intriguing as theta-gamma interactions have also been proposed to play a more fundamental role in functional cortical activation and interregional communication (Lisman & Jensen, 2013; Canolty & Knight, 2010; Canolty et al., 2006) . This view is supported by recent EEG evidence from infants, which indicates that the extraction and integration of acoustic information on different timescales may be decoded by theta and gamma band oscillations in the auditory system (Musacchia et al., 2013) .
Neural oscillations and their coordination among brain regions are thought to be relevant for the development of cortical networks throughout childhood and adolescence (Uhlhaas, Roux, Rotarska-Jagiela, & Singer, 2010) . Indeed, protracted maturational shifts in the expression of long-range EEG synchronization during coherent visual perception have been reported (Uhlhaas, Roux, et al., Figure 6 . Network topologies of language areas associated with language abilities. Higher task-dependent clustering coefficient and connectivity strength in canonical language regions are associated with increased verbal abilities as measured by the PPVT.
2009). Age-related changes in resting state neural synchronization have been observed (Boersma et al., 2011 (Boersma et al., , 2013 , and developmental changes in task-dependent modulation of local oscillations have been described (Clarke, Barry, McCarthy, & Selikoeitz, 2001) . Maturational changes in spontaneous local EEG gamma oscillations during infancy and early childhood are associated with the development of language abilities (Gou et al., 2011; Benasich et al., 2008) . This study builds on such work by establishing, for the first time, age-related changes in neuronal network synchronization in language processing.
This study found that interregional phase synchronization in the theta frequency range was particularly relevant for expressive language processing, consistent with prior research indicating that theta oscillations are highly relevant for language function. Increased theta connectivity has been reported during language production (Ewald et al., 2012) , and modulation of theta power has also been related to expressive language (Hermes et al., 2014; Piai et al., 2014) . Distributed theta-band network synchronization has also been reported during word reading (Bedo et al., 2015) , indicating that theta oscillations are also relevant for network integration during receptive language processing as well. Moreover, recent evidence indicates that theta rhythms are pertinent for task-dependent interactions between language networks and regions mediating other related functions. Modulation of theta oscillations and their interregional coherence has been related to mentalizing during language processing (Bögels et al., 2014) . Increased anteriorposterior theta coherence has also been related to task-dependent interactions between semantic processing and working memory (Mellem et al., 2013) and increased theta power during lexical-semantic retrieval (Bastiaansen et al., 2005) . Such findings are congruent with our observation of synchronization of languagerelevant regions with distributed brain regions in verb generation tasks requiring coordinated activity of brain regions responsible for visual perception, object recognition, semantic retrieval, productive language, and motor control.
The current study establishes the first evidence of source-resolved interregional coordination of oscillations in brain networks and demonstrates that this is associated with individual differences in verbal abilities. Previously, it has been demonstrated that lateralization of MEG sensor coherence in the theta band was associated with language performance in young children (Kikuchi et al., 2011) . Moreover, preservation of this sensor-level coherence was found to be related to language abilities in young children with autism spectrum disorder, suggesting that development of typical network connectivity dynamics is linked with the preservation of language abilities in clinical child populations (Kikuchi et al., 2013) . Prior research employing an approach similar to that of the current study, namely, source-resolved MEG phase synchronization analysis, demonstrated that individual differences in large-scale network synchronization were able to predict individual differences in working memory capacity in adults (Palva, Monto, Kulashekhar, & Palva, 2010) . Both local neuronal oscillations and interregional coherence in spontaneous EEG recordings have also been associated with individual differences in intelligence in adults (Langer et al., 2012; Thatcher, North, & Biver, 2008; Thatcher, North, & Biver, 2007) . A recent study of twins demonstrated that individual differences in visually induced gamma oscillations were strongly genetically regulated (van Pelt, Boomsa, & Fries, 2012) . This suggests that individual genetic variance leading to heritable neurophysiological traits may contribute to differences in intelligence between individuals. From this perspective, our findings may suggest that heritable neurophysiological differences relevant for the brain's ability to coordinate information flow in specific networks may be associated with individual differences in the development of cognitive and language abilities.
This work is an extension of prior research into brain development underpinning the maturation of language abilities. Imaging of structural connectivity has demonstrated that cortico-cortical language connections are already lateralized in children (Broser, Groeschel, Hauser, Kidzba, & Wilke, 2012) . Moreover, atypical development of white matter connectivity has been linked to language difficulties in populations of children born very prematurely (i.e., Feldman, Lee, Yeatman, & Yeom, 2012) . Such relationships between structure and function may be because of the established interplay between the development of structural connectivity and the maturation of functional activation in language systems (Brauer, Anwander, & Friederici, 2011) . Age-related changes in the activation of language regions, measured using fMRI, have previously been identified and associated with language abilities (Lidzba, Schwilling, Grodd, KragelohMann, & Wilke, 2011) . Developmental changes in MEG activation, such as increasing lateralization with age, have also been reported (Ressel, Wilke, Lidzba, Lutzenberger, & Krägeloh-Mann, 2008) . Moreover, fluctuations in verbal intelligence during adolescence have been linked to regional gray matter changes in motor speech areas, but not brain regions unrelated to language (Ramsden et al., 2011) . The current findings uniquely extend beyond the extant literature by providing the first evidence that neurophysiological network synchronization during expressive language processing changes throughout childhood and adolescence and that task-dependent network synchronization is associated with individual differences in verbal abilities.
To complement the connectivity analyses, we also investigated relations between task-dependent modulations of theta activity and language regions identified in the NBS analyses and verbal abilities. We found that increased theta activity in some language regions was associated with older age, and in a different subset of regions, increased task-dependent theta amplitude was associated with better verbal abilities. Importantly, the pattern of results linking theta connectivity, age, and ability differed from relations between regional amplitude modulation, age, and ability. This suggests that interregional interactions and regional recruitment of theta rhythms are distinct but interrelated processes. A related issue is that, although beamformer source reconstruction and PLI both offer protection from spurious interactions to common sources, spurious interactions could nonetheless arise from changes in the number of common sources or their power (Schoffelen & Gross, 2009; Stam et al., 2007) .
Limitations
A limitation of this study was the lack of behavioral data during the verb generation task. This paradigm was chosen as it is robust for eliciting language-related brain activity across the age range in our study. Although participants were monitored to ensure they were engaged in the task, performance data were not acquired and stored. This precluded formal assessment of age group differences in task performance as well as investigation of relations between task-dependent network synchronization and task performance.
Another limitation pertains to the relation between group differences in task-dependent connectivity and coinciding modulations of regional activation. In this study, we used a combination of beamformer source reconstruction and PLI in an effort to provide maximal protection against spurious synchronization. Although this represents current best practice in the field, it is important to note that such methodological approaches cannot unambiguously differentiate true neural synchronization from spurious effects because of changes in activation. For example, changes in regional activity can influence factors such as signal-to-noise ratio, which can impact on connectivity metrics such as PLI. The modulations of regional theta activity did not follow a spatial pattern that corresponded to the connectivity results; however, the findings of this study should be interpreted with some caution because of the inability to separate the effects of activation from interregional phase synchronization with complete certainty. Future research will employ language paradigms multiple trial conditions, which would increase the potential to enable closer matching of activation magnitudes.
Conclusion
This study uniquely demonstrates the maturational trajectory of network synchronization during expressive language processing. We also provide the first evidence that engagement of brain regions associated with expressive language function in distributed oscillatory networks is associated with individual differences in verbal abilities. These findings expand present knowledge on the development of synchronization in brain networks and indicate that such task-dependent connectivity is associated with specific cognitive abilities. This cross-sectional study provides a foundation for understanding the role of network synchronization in typical cognitive development as well as for understanding the biological basis of neurodevelopmental disorders with language and communication difficulties. Future research should investigate longitudinal changes in network synchronization during language processing and their relation to development of linguistic abilities across time as well as how specific alterations in the ability to recruit coordinated neurophysiological activity during language processing may contribute to domain-specific difficulties in neurodevelopmental disorders such as autism.
